colation (14) and ultra-sonication (15) with subsequent analysis by HPTLC (12, 13) , HPLC (6, 13, 16) , HPLC-MS (17) . It is a well known fact that conventional solvent extraction methods are tedious and time consuming. Moreover, these processes may lead to thermal, oxidative and photo decomposition of active phytoconstituents (18, 19) .
Supercritical carbon dioxide assisted extraction (SC CO 2 E) has immediate advantages over traditional extraction techniques: it is a flexible process due to the possibility of continuous modulation of the solvent power/selectivity of the supercritical CO 2 , it allows elimination of polluting organic solvents and expensive post-processing of the extracts for solvent elimination (20) .
Hamrapurkar et al. (21) reported the Soxhlet assisted extraction (SAE), SC CO 2 E, isolation and HPTLC analysis of phyllanthin from the whole plant of P. amarus. However, the effect of extraction parameters on the yield of phyllanthin and the optimum extraction conditions has not been subjected to a thorough study with response surface methodology. The phyllanthin content varies in plant parts. It was reported that the content of phyllanthin was higher in the leaves compared to other plant parts (13, 22) . Until now, there have been no literature reports on the use of supercritical carbon dioxide extraction of phyllanthin from P. amarus leaves. This study was designed with the objectives to develop and optimize the SC CO 2 E process, to compare the SC CO 2 E yield with conventional SAE yield, to describe the optimized SC CO 2 E process using the Box-Behnken design and to develop and validate a HPLC method for qualitative and quantitative analyses of phyllanthin.
EXPERIMENTAL

Plant material and reagents
The plant material was obtained from Vedashri Ayurved Bhandar (India) and authenticated by M. M. Sardesai (Botany Department, Dr. Babasaheb Ambedkar Marathwada University, Aurangabad, MH, India). A voucher specimen was deposited in the herbarium of the same department. Authenticated dried leaves of P. amarus were ground to a powder using a pulverizer (K. C. Engineers, India). Powder was sifted in a sieve shaker (CIP Machineries, India) with sieves of different sizes (1.68, 0.71, 0.354 and 0.210 mm, Swastika electric and scientific works, India) for a period of 15 min. The powder passed through a sieve size 0.354 mm and retained on a sieve size 0.21 mm was collected and used for further extraction experiments.
Standard phyllanthin (purity 98 % by HPLC) was obtained from Natural Remedies Pvt. Ltd. (India). All solvents used for extraction and chromatography were of analytical grade (Finar Chemicals Ltd., India) and LC grade (Merck, Germany), respectively. CO 2 (99 % purity) was procured from M/S Jain Cylinders (India).
HPLC analysis
The HPLC system consisted of a Waters e2695 Separation Module with an auto-sampler and Waters 2489 ultraviolet spectrophotometric detector (Waters, USA) equipped with MassLynx data acquisition software, version 4.1. All samples and standards were filtered through 0.45-mm syringe filters (Millipore, India) and 20 mL was injected. Separation was achieved on a Grace Brava BDS C-8 column (250 mm´4.6 mm, 5 mm particle size) (Grace, USA) at 40°C with mobile phase consisting of acetonitrile and water (45:55, V/V) in the isocratic elution mode with 1 mL min -1 flow rate. The UV detection was carried out at 230 nm.
Calibration standards and quality control samples
A reference stock solution of phyllanthin was prepared by accurately weighing 5 mg of the standard. The weighed amount was transferred to a 5-mL volumetric flask, dissolved and diluted suitably with HPLC grade methanol. Reference stock solution was diluted suitably with HPLC grade methanol to achieve 6 calibration standards containing phyllanthin (expressed in mg mL -1 ): CAL STD-1: 1, CAL STD-2: 2, CAL STD-3: 4, CAL STD-4: 8, CAL STD-5: 16, CAL STD-6: 32. Three quality control (QC) standards containing phyllanthin (expressed in mg mL -1 ) (LQC: 4; MQC: 12 and HQC: 20) were prepared from the reference stock solution.
Method validation
The analytical method was validated to meet the acceptance criteria as per ICH guidelines (23) . Recovery studies were performed using the standard addition method. The linearity and range were established using 6 calibration standards. The peak area vs. concentration plots were subjected to linear least square regression analysis. Intra-and inter--day accuracy was established from quality control standards by evaluating nominal and mean measured concentrations of quality control standards, which were compared, and relative error was calculated.
The intra-and inter-day precision (RSD, %) was established by analyzing 9 replicates, each of 3 quality control standards on day 1 and again on each of three consecutive days. The lowest concentration with acceptable accuracy and precision was noted as the limit of quantification (LOQ) for phyllanthin. The noise response was multiplied by the quantitation limit factor whereas for limit of detection (LOD), it was multiplied by the detection limit factor of 3.3. Both values were then converted to LOQ and LOD using the calibration curve.
Soxhlet assisted extraction (SAE) of P. amarus
Thirty grams of powdered leaves of P. amarus were placed in a thimble (Borosil, India), which was inserted into a Soxhlet apparatus and extracted with 300 mL methanol. Extraction was performed for 24 h. After extraction, the extract was concentrated at 40°C using a rotary vacuum evaporator (Heidolph, Germany) and analyzed for phyllanhin content by HPLC.
Supercritical carbon dioxide extraction (SC CO 2 E) of P. amarus
A bench top SC CO 2 E unit (Model: SFE 2000 series, Jasco, Japan) was used for extraction purposes. A diagram of SC CO 2 E system is presented in Fig. 2 .
The extractor column was densely packed with 4.5 g of P. amarus powder. The column was carefully fixed in a column oven. The CO 2 from the cylinder was passed through the chiller unit (~277 K) via a siphon tube, delivered and compressed to the desired working pressure with a CO 2 delivery pump (PU 2080-CO 2 Plus, Jasco) equipped with a pressure regulator (BP-2080 Plus, Jasco). Methanol was introduced into system as an organic modifier using a solvent pump. The temperature and pressure of CO 2 were manipulated with a pressure regulator. The SC CO 2 was passed through an extraction column (150 mm length´15 mm i.d.) placed in a thermostatically controlled oven (CO-2060 Plus, Jasco). After the pressure and the fluid flow rate reached the desired values, the six-port valve was opened so as to pass SC CO 2 through the extractor; this was taken as the start of the extraction cycle. The exit fluid from the extractor was expanded to ambient pressure with a pressure regulator. The extract was then concentrated by removing the solvent under vacuum and the concentrated extract was then diluted appropriately with methanol and analyzed for phyllanthin content by HPLC. 
Experimental design and evaluation
The Box-Behnken design is a second-order multivariate technique based on three--level incomplete factorial design that have a wide application for assessment of critical experimental conditions, that is, maximum or minimum of the response function. The number of experiments (N) needed for the development of Box-Behnken matrix is defined as N = 2k (k-1) + C 0 , where k is the factor number and C 0 is the number of replicates of the central point (24) (25) (26) . A Box-Behnken experimental design with four variables at three levels was used to determine the response pattern and the interaction effect of independent variables on the response. The four key variables, viz., extraction pressure (X 1 ), extraction temperature (X 2 ), modifier concentration (X 3 ) and dynamic extraction time (X 4 ) were selected and their effect on the SC CO 2 E of phyllanthin was evaluated at the different levels. Variables and levels tested are depicted in Table I . The experimental design used for the study is shown in Table II .
Second-order polynomial equation was used to express phyllanthin yield (mg g -1 P. amarus leaves) (Y) as a function of the independent variables, where X 1 , X 2 , X 3 and X 4 code represent the pressure, temperature, methanol concentration in CO 2 and extraction time, respectively:
Design-Expert software (version 8.0.6.1, Stat-Ease, Inc., Minneapolis, USA) was used for the ANOVA analysis of the obtained experimental data. The quality of the fit of the polynomial model equation was expressed by the coefficient of determination R 2 and the values of the adjusted R 2 of models were evaluated to check model adequacies. The significance of each term in the equation is to estimate the goodness of fit in each case. The analysis of variance table was generated, and the effect and regression coefficients of individual linear, quadratic and interaction terms were determined. The p-values of less than 0.05 were considered to be statistically significant. The regression coefficients and regression models were used for statistical calculations and generation of three dimensional plots.
RESULTS AND DISCUSSION
HPLC analysis and validation
Optimum chromatographic separation of phyllanthin was achieved with acetonitrile/water (45:55, V/V) with a flow rate of 1 mL min -1 . The UV detection of analytes was carried out at 230 nm. The resulting chromatograms showed a retention time of 13.12 min for phyllanthin (Fig. 3a) .
Phyllanthin content was determined by referring to the calibration curve established by running phyllanthin standards through the HPLC system under the same conditions. The calibration curve of phyllanthin was linear over the concentration range of 1 to 32 µg mL -1 (R 2 = 0.999). The recovery of phyllanthin was 97.3 ± 2.2 %, calculated by addition of known amounts of phyllanthin to the leaf extract. The intra-day inaccuracy in terms of relative error was in the range of -2.2 to +2.4 % whereas inter-day inaccuracy was in the range of -3.4 to +4.0 %. Intra-day precision RSD was in the range of 1.7 to 2.9 % whereas inter-day precision was in the range of 0.8 to 3.1 %. LOQ and LOD for phyllanthin were 1 and 0.3 µg mL -1 , resp. Typical HPLC chromatograms of the standard phyllanthin and sample extracts obtained by SAE and SC CO 2 E are shown in Figs. 3a-c.
Soxhlet assisted extraction
The conventional SAE of P. amarus leaves was carried out to recover the maximum extractable amount of phyllanthin. After SAE, 10.62 ± 0.35 mg phyllanthin per gram of P. amarus leaves was obtained.
Experimental design applied to SC CO 2 E extraction
An optimum process should be defined in order to obtain a high phyllanthin yield. The effects of four process variables, viz., extraction pressure (X 1 ), extraction temperature (X 2 ), modifier concentration (X 3 ) and extraction time (X 4 ) were studied during experimentation. These conditions seemed to be varied depending on the response required. The results of 27 runs using the Box-Behnken design are presented in Table II . They include the design and experimental values. The Box-Behnken design with four factors and three levels, including three replicates at the center point, was used to fit a second--order response surface in order to optimize the extraction conditions. Three center point runs were carried out to measure the process stability and inherent variability.
Phyllanthin yield (mg g -1 ) was selected as the response Y. The mathematical model describing the extraction yield of phyllanthin as a function of the coded independent variables (Table II) When a factor and an interaction among variables have a p-value lower than 0.05, it influences the process in a significant way at a confidence level of 95 % (27) . The significance of the F-value depends on the number of degrees of freedom (DF) in the model.
The analysis of variance (ANOVA) (Table III) showed that this regression model was highly significant (p < 0.0001) with F-value of 58.55. The F-value of 73.15 for lack of fit implies that it is not significant comparing to the pure error. The fitness of the model was further confirmed by a satisfactory value of the determination coefficient, which was calculated to be 0.9856, indicating that 98.6 % of variability in the response could be predicted by the model. The value of the adjusted determination coefficient (adjusted R 2 = 0.9687) also confirmed that the model was highly significant. Also, the extraction yield predicted by the final quadratic model, along with the corresponding values, given in Table II , indicate that the agreement between the extraction yield predicted by the model and the experimental data is satisfactory, which suggests a good fit to the mathematical model. As shown in Table III , variables with the largest effect were X 3 and X 4 , followed by the other quadratic term coefficients X 1 2 and X 3 2 , which were highly significant at p < 0.0001. It is also evident from Table III that the interaction term coefficient X 3 X 4 was also significant (p < 0.05). The other term coefficients did not influence the extraction yield significantly. 
Effect of extraction conditions on phyllanthin yield
It is usually considered that the yield of target compounds with SC CO 2 E is influenced by the extraction pressure, temperature, modifier concentration and time. The solubility of the solute in supercritical fluid depends on a complex balance between fluid density, solute vapour pressure and the repulsive solute-fluid interaction, which are controlled by temperature and pressure (27) . When considering the effect of temperature on the solubility of solid compounds, two different effects can appear by changing the temperature. One is the increase in solid volatility with temperature rise, causing an increase of vapor pressure. In the case when vapor pressure is overwhelming, the solubility of solid compounds would increase with an increase in vapor pressure (28) . However, if density effect is predominant, as the temperature increases at constant pressure, dissolving power decreases due to decreased density of supercritical CO 2 (27) . Improvement of solubility by temperature is dependent on which effect prevails. As the pressure continues to increase, however, the repulsive solute-fluid interaction becomes stronger. When pressure reaches a certain value for some compounds, the repulsive solute-fluid interaction may become greater than the increase in solubility obtained from increased solvent density (by elevating pressure under constant temperature). In this situation, the solubility of compounds decreases. Lower solubility leads to a decrease in extraction yield. For example, under the optimized extraction conditions of 23.2 MPa pressure, modifier concentration of 10 % and extraction time of 90 min, the extraction yield of phyllanthin at 40 and 80°C was 12.99 and 11.94 mg g -1 , respectively, while the supercritical CO 2 density was 0.87 and 0.66 g mL -1 , respectively (29) . Increase in temperature at constant pressure resulted in a decrease in the supercritical CO 2 density, which led to a reduction in the extraction yield of phyllanthin.
Shorter extraction time could cause incomplete extraction and longer extraction time could be time and solvent wasting. Addition of a small amount of polar organic solvent (co-solvent) to the supercritical CO 2 can remarkably increase the extractability of target analytes. Various polar co-solvents have been tried over the years for the supercritical CO 2 extraction of polar constituents, but methanol has remained the most popular (30) . Since the nature of the co-solvent may influence extraction yield and selectivity, three different co-solvents, viz,. methanol, ethanol and n-hexane were used during the preliminary SC CO 2 E of P. amarus.
The relationship between the responses and experimental variables can be illustrated graphically to investigate interactions of the variables and to determine the optimal level of each variable for the maximum response by plotting three-dimensional response surface plots. Each plot shows a pair of factors by keeping the other factor constant at its middle level. Fig. 4a is the three dimensional plot showing the effects of pressure and temperature on phyllanthin yield, while the modifier concentration and extraction time were fixed at their central levels. Higher yield was obtained at a pressure between 20 and 30 MPa. The highest yield of phyllanthin (12.99 mg g -1 ) was attained at 25 MPa pressure and 60°C temperature. When the temperature was increased from 40 to 60°C at optimum values of pressure, modifier concentration and dynamic extraction time (23.2 MPa, 10 % and 90 min), the yield decreased from 12.99 to 12.42 mg g -1 . Increase in temperature from 60 to 80°C did not enhance phyllanthin yield. In this study, the interaction between pressure and temperature was not found to be statistically significant. Considering the effects of pressure and modifier concentration on the yield of phyllanthin, higher yield was obtained at pressures below 30 MPa and modifier concentration above 5 %, as can be seen in Fig. 4b . Phyllanthin yield increased from 11.56 to 12.99 mg g -1 with an increase in pressure from 15 to 25 MPa, while keeping the temperature, modifier concentration and extraction time at optimum values (40°C, 10 % and 90 min). The interaction between pressure and modifier concentration was not statistically significant for phyllanthin yield. Fig. 4c indicates the effect of interactions between pressure and extraction time on phyllanthin yield. It can be observed from Fig. 4c that higher yield of phyllanthin was attained by setting pressure between 22.5 to 27.5 MPa. When the mathematical model was used to predict the yields that could be obtained using different extraction times, phyllanthin yield increased from 10.11 to 12.99 mg g -1 with an increase in extraction time from 50 to 90 min keeping the extraction pressure, temperature and modifier concentration at optimum values (23.2 MPa, 40°C and 10 %). The interaction between pressure and extraction time was not statistically significant for phyllanthin yield.
It can be seen from Fig. 4d that higher yield of phyllanthin was attained by setting temperature between 50 and 70°C and modifier concentration above 5 %. When the mathematical model was used to predict the yields that could be obtained using different modifier concentrations, phyllanthin yield increased from 8.74 to 12.99 mg g -1 with an increase in modifier concentration from 5 to 10 % keeping the extraction pressure, temperature and extraction time at optimum values (23.2 MPa, 40°C and 90 min). The interaction between temperature and modifier concentration was not statistically significant for phyllanthin yield.
The 3D plot in Fig. 4e shows the effects of temperature and extraction time on phyllanthin yield. There was a rapid rise in phyllanthin yield with an increase in extraction time; however, phyllanthin yield was found to rise slightly with extraction temperature. The interaction between temperature and extraction time was not statistically significant for phyllanthin yield. Similarly, Fig. 4f shows the effects of modifier concentration and extraction time on phyllanthin yield. Phyllanthin yield was also significantly increased when increasing the modifier concentration above 5 % (p < 0.05). Phyllanthin yield was increased with extraction time increase above 50 min. In general, the interaction between modifier concentration and extraction time was found statistically significant for phyllanthin yield (p < 0.05).
Optimization of extraction parameters and model validation
Optimum values of selected variables were obtained using the response surface. In summary, the optimal conditions of SC CO 2 E process for the highest phyllanthin yield were 23.2 MPa pressure, 40°C temperature, 10 % modifier (methanol) concentration and 90 min extraction time. Suitability of the model equation for predicting the optimum response values was tested by executing three experiments under conditions of pressure, temperature, methanol concentration and extraction time. The experimental yield of phyllanthin from P. amarus (12.83 ± 0.28 mg g -1 ) was close to the predicted yield (12. 99 mg g -1 ) . The results indicate that the experimental values were in good agreement with the predicted values and that the regression model was accurate and adequate for the extraction process.
Comparison of SAE and SC CO 2 E in terms of yield and extraction time
It was initially assumed that the conventional SAE would provide a maximum yield of phyllanthin. The Soxhlet assisted methanol extract of leaves of P. amarus powder resulted in 10.62 ± 0.35 mg g -1 phyllanthin yield after 24 h of extraction. The SC CO 2 E showed 12.83 ± 0.28 mg g -1 recovery of phyllanthin after an extraction period of 90 min. Comparison of the yield and the time required for phyllanthin extraction demonstrated that the SC CO 2 E technique is more efficient than the SAE technique. This could be attributed to the action of SC CO 2 , which produces cell disruption leading to a larger contact area between solid and liquid phases and better access of the solvent to extractable components.
CONCLUSIONS
In this study, the effects of pressure, temperature, modifier concentration and extraction time were evaluated in order to develop an optimized SC CO 2 E method. Response surface methodology using a Box-Behnken experimental design was successfully applied for optimization of supercritical carbon dioxide assisted extraction of phyllanthin from the leaves of P. amarus. High regression coefficients of the second-order polynomial of the response showed that the model fitted the data well. Modifier concentration and extraction time showed significant effects whereas the pressure above 30 MPa and temperature showed insignificant effects on phyllanthin yield.
